Introduction
Seasonal influenza epidemics cause 0.25-0.5 million deaths/year worldwide and mortality increases significantly in pandemic years (1) . Influenza A viral (IAV) infections are associated with a high healthcare burden especially among the elderly, infants, immunosuppressed individuals, and pregnant women who are at increased risk of developing multiorgan failure (2, 3) . Approximately 44.8% of individuals 19 years of age or older were vaccinated against IAV infection in the 2014-2015 season (4), representing only a 1.6% increase in coverage from the 2013-2014 season (4) . Additionally, not all subjects develop robust protective immune responses to these vaccines (5, 6) . Antiviral drugs (e.g., oseltamivir) do not prevent IAV-associated mortality in all individuals, especially when there is a delay in initiating therapy (7, 8) . Thus, there is an urgent need to develop more effective therapies that limit the high healthcare burden associated with IAV infections.
Matrix metalloproteinases (MMPs) are a family of approximately 24 zinc-dependent metalloproteinases. They are characterized by a multidomain structure that includes (a) a prodomain at the amino terminus, (b) a catalytic domain containing the active-site zinc atom, and (c) a carboxy-terminal hemopexin domain that can bind MMPs to susceptible substrates. MMPs regulate tissue remodeling associated with morphogenesis and tissue repair; inflammatory responses to injury; the proliferation, migration, differentiation, and apoptosis of cells; angiogenesis; and host defense (9) .
Matrix metalloproteinase-9 (MMP-9) cleaves various proteins to regulate inflammatory and injury responses. However, MMP-9's activities during influenza A viral (IAV) infections are incompletely understood. Herein, plasma MMP-9 levels were increased in patients with pandemic H1N1 and seasonal IAV infections. MMP-9 lung levels were increased and localized to airway epithelial cells and leukocytes in H1N1-infected WT murine lungs. H1N1-infected Mmp-9 -/-mice had lower mortality rates, reduced weight loss, lower lung viral titers, and reduced lung injury, along with lower E-cadherin shedding in bronchoalveolar lavage fluid (BALF) samples than WT mice. H1N1-infected Mmp-9 -/-mice had an altered immune response to IAV with lower BALF PMN and macrophage counts, higher Th1-like CD4 + and CD8 + T cell subsets, lower T regulatory cell counts, reduced lung type I interferon levels, and higher lung interferon-γ levels. Mmp-9 bone marrowchimera studies revealed that Mmp-9 deficiency in lung parenchymal cells protected mice from IAV-induced mortality. H1N1-infected Mmp-9 -/-lung epithelial cells had lower viral titers than H1N1-infected WT cells in vitro. Thus, H1N1-infected Mmp-9 -/-mice are protected from IAV-induced lung disease due to a more effective adaptive immune response to IAV and reduced epithelial barrier injury due partly to reduced E-cadherin shedding. Thus, we believe that MMP-9 is a novel therapeutic target for IAV infections. The samples from patients infected with seasonal influenza were obtained during the first 2 weeks of the onset of symptoms. For subjects infected with H1N1, the samples were obtained during the first 30 days after they were admitted to the intensive care unit.
A Categorical variables were analyzed with the Z-proportions test. Noncategorical data were analyzed using 1-way ANOVAs followed by Brown-Forsythe equal variance test. Pairwise comparisons for parametric data were performed using 2-sided Student's t tests.
B
Age is presented as mean ± SD.
C
The proportion of uninfected controls that had been vaccinated against IAV within 12 months of obtaining the plasma samples was greater than that of subjects infected with seasonal IAV and H1N1 (P < 0.001 for both comparisons). The proportion of obese subjects infected with H1N1 IAV was greater than that of uninfected obese subjects (P = 0.004). F PaO 2 /FiO 2 ratio is a marker of the severity of acute lung injury/adult respiratory distress syndrome (22) . Numbers in parentheses are the interquartile range. G Plasma MMP-9 levels were measured using an ELISA and data are presented as median (interquartile range). Data were analyzed using an ANOVA on ranks and pair-wise multiple comparisons using Dunn's method, followed by pair-wise comparison using Mann-Whitney U tests.
H P < 0.001 for both seasonal IAV and H1N1 IAV versus uninfected controls. There was no significant correlation between plasma MMP-9 levels and the PaO 2 /FiO 2 ratio using Pearson's correlation (P = 0.763). IAV, influenza A virus; NS, not significant. C57BL/6 WT mice were infected with an LD 20 inoculum of H1N1, and Mmp-9 levels were measured in serum and lung samples. Serum Mmp-9 levels were increased on days 3 and 7 postinfection (p.i.) ( Figure 1B ). Mmp-9 protein levels increased on day 3 p.i. in homogenates of lung samples from WT mice, remained elevated for 7 days, and were returning towards baseline levels by day 10 p.i. (Figure 1C ). Double-immunostaining experiments performed on sections of lungs from uninfected versus H1N1-infected WT mice localized the cellular sources of Mmp-9 in the lungs. Uninfected WT mice had minimal or no Mmp-9 staining in their lungs (Figure 2A ). Mmp-9 staining was increased in airway epithelial cells from day 7 to day 10 p.i. (Figure 2A ). PMNs were not present in the airways of uninfected mice. Mmp-9 staining was detected in PMNs recruited into the airways of IAV-infected WT mice (especially on day 10 p.i.; Figure 2B ), as expected because PMNs store Mmp-9 protein within their gelatinase granules (13) . Mmp-9 staining was induced in airway macrophages ( Figure 2C ) on days 7 and 10 p.i. Mmp-9 staining was observed in CD4 + T cells ( Figure 2D ) and B cells ( Figure 2E ) recruited into the airways on days 7 and 10 p.i. Staining for Mmp-9 was not detected in CD8 + T cells (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.99022DS1). No staining was detected in the lungs of infected WT mice stained with nonimmune primary antibodies ( Figure 2) .
Mmp-9 -/-mice are protected from H1N1-induced mortality, and have reduced lung viral titers and a reduced lung innate immune inflammatory reaction following H1N1 infection. -/-mice infected with an LD 80 H1N1 inoculum had better survival rates ( Figure 3A ) and reduced loss of body weight from days 4-7 p.i. ( Figure  3B ) versus infected WT mice. Mmp-9 -/-mice infected with an LD 20 H1N1 inoculum had reduced lung viral titers as assessed by quantitative real-time reverse-transcription PCR (qRT-PCR) on days 7-10 p.i. ( Figure 4A ) and multifoci staining assays on day 10 p.i. (Figure 4B ).
H1N1-infected Mmp-9 -/-mice had reduced peribronchial inflammation in lung sections on days 7-10 p.i. compared with WT mice (Supplemental Figure 2) . H1N1-infected Mmp-9 -/-mice had lower bronchoalveolar Figure 1 . MMP-9 levels were increased in blood and/or lung samples from IAV-infected human subjects and WT mice. (A) MMP-9 protein levels were measured in plasma samples obtained from human patients diagnosed with A/ California/07/2009 H1N1 strain influenza infection (n = 66) or seasonal IAV infection (n = 10), or uninfected healthy control subjects (n = 14) using an ELISA. For subjects infected with seasonal influenza, samples were obtained within the first 2 weeks of onset of symptoms. For subjects infected with H1N1, samples were obtained during the first 30 days after they were admitted to the intensive care unit. *P < 0.001 versus the group indicated. (B) WT mice were infected an LD 20 inoculum of H1N1 IAV by the intranasal route. Serum Mmp-9 levels were measured in infected mice on days 1-10 postinfection or uninfected control (UC) WT mice using an ELISA (n = 5-7 mice/group). *P < 0.05 versus uninfected controls. (C) WT mice were infected with a LD 20 inoculum by the intranasal route. At postinfection intervals, lungs were removed from infected mice or uninfected controls (UC) and Mmp-9 protein levels were measured using ELISA and normalized to total protein levels (4-5 mice/group). *P < 0.05 versus uninfected controls. All box-and-whisker plots show medians and 25th and 75th percentiles, and the whiskers show the 10th and 90th percentiles. All data were analyzed with 1-way ANOVAs followed by pair-wise testing with Mann-Whitney U tests.
lavage fluid (BALF) total leukocyte counts on day 3 and 7 p.i. than infected WT mice ( Figure 5A ), which was mostly due to lower BALF macrophage counts on day 3 p.i. (Figure 5B ) and lower BALF PMN counts on day 7 p.i. (Figure 5C ).
H1N1-infected Mmp-9
-/-mice have reduced lung levels of key proinflammatory mediators, reduced lung levels of type I interferons, but increased lung levels of interferon-γ. As MMP-9 cleaves cytokines and chemokines in vitro (9) , lung levels of mediators that regulate the recruitment of myeloid leukocytes into the lung were compared in homogenates of lungs from H1N1-infected WT and Mmp-9 -/-mice. Infected Mmp-9 -/-mice had lower lung levels of Cxcl-2 on days 3-10 p.i. (Figure 6A ), Cxcl-6 on days 3-7 p.i. (Figure 6B ), Ccl-2 on day 3 p.i. (Figure 6C ), Ccl-3 on day 3 p.i. (Figure 6D ), Ccl-5 on day 7 p.i. (Figure 6E ), Il-6 on days 3-10 p.i. (Figure 6F ), G-csf on day 3 p.i. (Figure 6G ), Tnf-α on day 10 p.i. (Figure 6H ), and Tgf-β on day 1 p.i. (Figure 6I) . However, H1N1-infected Mmp-9 -/-mice had higher lung levels of Il-1β on day 1 p.i. (Supplemental Figure 3A) . H1N1-infected WT and Mmp-9 -/-mice had similar lung levels of Cxcl-1 and antiinflammatory Il-10 (Supplemental Figure 3 , B and C).
As the generation of antiviral interferons (IFNs) is an important determinant of outcomes after IAV infection, lung IFN levels were measured in homogenates of lungs from H1N1-infected WT and Mmp-9 -/-mice. Surprisingly, infected Mmp-9 -/-mice had lower lung levels of two type I IFNs (Ifn-α on day 3 p.i. [ Figure 7A ] and Ifn-β on day 3 p.i. [ Figure 7B ]). However, infected Mmp-9 -/-mice had higher lung levels of Ifn-γ on day 7 p.i. (Figure 7C ).
H1N1-infected Mmp-9 -/-mice have an enhanced pulmonary adaptive immune response. BALF lymphocyte counts were increased in H1N1-infected Mmp-9 -/-mice on day 10 p.i. (Figure 5D ). Lymphocyte subsets were quantified in enzymatic lung digests from H1N1-infected WT and Mmp-9 -/-mice on days 3-10 p.i. using immunostaining and flow cytometry. Compared with H1N1-infected WT mice, infected Mmp-9 -/-mice had higher CD4 + T cell frequencies on days 3 and 7 p.i. (Figure 8A ), and a reduced frequency of CD4 +
Foxp3
+ cells (Tregs; Figure 8B ) on day 3 p.i. H1N1-infected WT and Mmp-9 -/-mice had similar frequencies of CD8 + T cells ( Figure 8C ), B cells (Supplemental Figure 4A ), NK cells (Supplemental Figure  4B ), NK T cells (Supplemental Figure 4C) , and γδ T cells (Supplemental Figure 4D) + and CD8 + lymphocytes, as a marker of effector-cell activity. BAL CD8 + lymphocytes in H1N1-infected Mmp-9 -/-mice had higher Klrg1 expression than CD8 + lymphocytes from IAV-infected WT mice ( Figure 9G ). There were no differences in Klrg1 expression on CD4 + cells in H1N1-infected WT and Mmp-9 -/-mice ( Figure 9H ).
Mmp-9
-/-mice have reduced lung injury during H1N1 infection. As pulmonary inflammation can promote lung injury, we measured readouts of lung injury in H1N1-infected WT and Mmp-9 -/-mice. H1N1-infected 
-/-mice had reduced lung injury versus WT mice as assessed by lower BALF albumin levels on days 7-10 p.i. (Figure 10A ), and lower airway/alveolar hemorrhage as assessed by lower BALF hemoglobin levels on days 7-10 p.i. (Figure 10B ). WT mice developed perturbations in respiratory mechanics following H1N1 infection as assessed by increased tissue elastance and reduced quasi-static compliance (markers of lung stiffness) when compared with uninfected WT mice ( Figure 10C and Supplemental Figure 6 ). However, Mmp-9 -/-mice were substantially protected from H1N1-induced increases in lung elastance and reductions in quasi-static compliance, indicating that they were protected from H1N1-induced lung injury.
Mmp-9 mediates E-cadherin shedding in vitro (19, 23) . The shedding of this adherens junctional protein from lung epithelial cells by Mmp-7 contributes to alveolar capillary barrier injury in murine lung injury models (24) . Thus, we investigated whether infected Mmp-9 -/-mice have reduced shedding of E-cadherin to explain their reduced H1N1-induced lung injury. BALF soluble E-cadherin levels were lower at baseline and after 3-7 days p.i. in Mmp-9 -/-mice versus WT mice ( Figure 10D ), indicating that shedding of E-cadherin is reduced in Mmp-9 -/-mice. Mmp-9 deficiency in lung parenchymal cells protects mice from H1N1-induced mortality. Mmp-9 is expressed by activated lung epithelial cells and leukocytes (13, 25) . To identify the crucial cellular sources of Mmp-9 during IAV infection in mice, we generated Mmp-9 BM chimeras and infected them with H1N1. WT mice transplanted with either Mmp-9 -/-or WT BM had similar, low (20%-40%) survival rates following H1N1 infection ( Figure 11A ). Mmp-9 -/-recipient mice transplanted with either WT or Mmp-9 -/-BM had similar survival rates that were higher (~60%) than WT recipients of either Mmp-9 -/-or WT BM ( Figure 11B ). Thus, Mmp-9 deficiency in lung parenchymal cells protects mice from IAV-induced mortality.
H1N1 induces MMP-9 release by epithelial cells and increases IAV titers in vitro.
To investigate whether IAV infection is sufficient to induce MMP-9 release by airway epithelial cells, we infected human bronchial epithelial cell (HBEC) cultures with H1N1 and measured the release of MMP-9 protein. H1N1 induced the release of MMP-9 Figure 3 . Mmp-9 -/-mice were protected from H1N1-induced mortality and weight loss. WT (n = 40) and Mmp-9 -/-(n = 57) mice were infected with an LD 80 inoculum of H1N1 by the intranasal route. (A) Survival was monitored twice daily and Kaplan-Meier survival plots were generated. Gehan-Breslow-Wilcoxon analysis revealed significant differences between the survival curves (P = 0.004). (B) Changes in body weight as a percentage of baseline body weight were recorded daily for the first 10 days after infection. Data are expressed as mean ± SEM. Data were analyzed using ANOVA for repetitive measures (P < 0.001 for WT and Mmp-9 -/-mice versus uninfected mice belonging to the same genotype), followed by pairwise testing with 2-tailed Student's t tests. *P < 0.05 versus WT mice at the same time point.
Figure 4. H1N1-infected Mmp-9
-/-mice had lower lung IAV titers than H1N1-infected WT mice. WT and Mmp-9 -/-mice (5-8 mice/group) were infected with an LD 20 inoculum of H1N1 by the intranasal route. At postinfection intervals, viral titers in homogenates of lung samples were measured using qRT-PCR (A) or multifoci staining assays (B). The box-and-whisker plots show the medians and the 25th and 75th percentiles, and the whiskers show the 10th and 90th percentiles. Data were analyzed with 1-way ANOVAs followed by pair-wise testing with Mann-Whitney U tests. *P < 0.05 versus the group indicated.
from HBECs by 48 hours p.i. (Figure 12A ). Inhibiting extracellular MMP-9 activity by adding a neutralizing antibody to HBEC cultures reduced viral titers in culture supernatants ( Figure 12B ). Antibody-mediated MMP-9 inhibition also partially rescued the loss of transepithelial electrical resistance (TEER) occurring in H1N1-infected confluent HBEC monolayers, a measure of HBEC injury (Supplemental Figure 7) . MMP-9 does not cleave H1N1 hemagglutinin or neuraminidase. During IAV infection, some viral proteins require proteolytic activation to promote IAV infection of target cells (e.g., hemagglutinin [HA]). We assessed whether viral proteins (HA and neuraminidase [NA] ) are substrates for MMP-9. The protease substrate specificity server (PROSPER) for cleavage predication analysis (26) predicted that human MMP-9 cleaves both HA subunit 1 (HA1) and NA subunit 1 (NA1) at multiple sites (Supplemental Table 1 ). However, active human MMP-9 had no activity against H1N1-derived HA1 (Supplemental Figure 8A) , and minimal activity against H1N1-derived NA1 in vitro even when MMP-9 was tested at a high concentration (Supplemental Figure 8B ).
Discussion
We report for the first time to our knowledge that circulating MMP-9 levels are increased in IAV-infected human subjects and H1N1 IAV-infected WT mice. Mmp-9 lung levels are also increased in IAV-infected WT mice, especially in airway epithelial cells and leukocytes. Mmp-9 deficiency in mice leads to less severe IAV disease than that observed in WT mice as assessed by lower mortality, reduced loss of body weight, and reduced IAV-induced lung injury. The improved survival in IAV-infected mice is likely due to their reduced lung injury and their lower lung viral burdens ( Figure 13 ). The reduced lung injury in IAV-infected Mmp-9 -/-mice may be due, in part, to decreased E-cadherin shedding (with reduced impairment of epithelial barrier function), and reduced accumulation of myeloid leukocytes and their deleterious products in -/-mice may be due to a more effective adaptive immune response to IAV developing in their lungs ( Figure 13) . Surprisingly, Mmp-9 is required for the generation of a robust type I IFN response to H1N1 IAV. Mmp-9 BM chimera experiments showed that Mmp-9 deficiency in lung parenchymal cells protects mice from IAV-induced mortality. Thus, our data show that MMP-9 is a key host protein that promotes IAV infection and could be targeted to develop novel therapies to limit IAV morbidity and mortality.
MMP-9 expression during IAV infection. MMP-9 plasma levels were more than 20-fold higher in patients infected with H1N1 IAV and seasonal IAV than uninfected controls. Microvascular endothelial cells and circulating PMNs, monocytes, and lymphocytes are likely to be the main source of plasma MMP-9 during IAV infection, as these cells secrete MMP-9 when activated (27) . Increased levels of various host proteinases including trypsin (which can activate pro-MMP-9), have been linked with the severity of the cytokine storm and end-organ injury that can develop in IAV-infected subjects (28, 29) .
Mmp-9 protein levels in whole lung samples increased as early as day 3 p.i. in IAV-infected WT mice and remained elevated on day 10 p.i. Based on the results of our immunostaining studies, the early increase in lung Mmp-9 levels may be due to early PMN influx into the lungs and the release of preformed Mmp-9 protein by these cells (9, 12) . The increased lung Mmp-9 protein levels on days 7-10 p.i. likely derive from Mmp-9 that is transcribed in airway epithelial cells, macrophages, CD4 + T cells, and B cells (12) . During IAV infection, several transcription factors (including NF-κB and AP-1) are activated in the lung (30, 12) . 
, and Tgf-β (I) were measured using ELISAs. Lung levels of mediators were normalized to lung total protein levels. The box-and-whisker plots show medians and 25th and 75th percentiles, and the whiskers showing 10th and 90th percentiles. Data were analyzed with 1-way ANOVAs followed by pair-wise testing with Mann-Whitney U tests. *P < 0.05 versus the group indicated.
Mmp-9 expression in lung macrophages is induced via the TLR7/NF-κB pathway in IAV-infected mice (31) . Interestingly, Mmp-9 expression was increased in murine lungs and human small airway epithelial cells infected with respiratory syncytial virus (RSV) via the type I IFN pathway and RIG-I-like receptors (32) . Thus, the increases in lung type I IFN levels detected on day 3 p.i. in IAV-infected WT mice may have contributed to the increased Mmp-9 expression observed in airway epithelium. Mmp-9 deficiency in lung structural cells protected mice from IAV-induced mortality. Although activated endothelial cells and fibroblasts express MMP-9 (33), airway epithelial cells are likely to be the most important source of Mmp-9 in IAV-infected mice based on our lung immunostaining results, and -/-mice had reduced lung levels of type I interferons but increased lung levels of interferon-γ.
WT and Mmp9
-/-mice (4-9 mice/group) were infected with an LD 20 inoculum of H1N1 by the intranasal route. At postinfection intervals lung levels of interferon-α (A), interferon-β (B), and interferon-γ (C) were measured in lungs from infected mice or uninfected controls (UC; 8-9 mice/group) using ELISAs and levels of these mediators were normalized to lung total protein levels. The box-and-whisker plots show the medians and 25th and 75th percentiles, and the whiskers show the 10th and 90th percentiles. Data were analyzed with 1-way ANOVAs followed by pair-wise testing with Mann-Whitney U tests. *P < 0.05 versus the group indicated. studies showing that antibody-mediated neutralization of MMP-9 secreted by H1N1-infected human lung epithelial cultures leads to reduced viral titers in these cultures.
Mechanisms by which Mmp-9 deficiency in mice leads to better outcomes following IAV infection. The improved survival rates of IAV-infected Mmp-9 -/-versus WT mice is likely due to a combination of factors including their (a) lower lung viral burdens, (b) enhanced pulmonary adaptive immune response, and (c) less severe lung injury, as more severe lung injury is linked to increased mortality in other lung inflammation models (34, 35) .
IAV lung burdens. Lung viral titers were similar in IAV-infected WT and Mmp-9 -/-mice up to day 3 p.i., indicating that Mmp-9 is not essential for IAV to enter and replicate within epithelial cells. From day 7 p.i. onwards, IAV-infected Mmp-9 -/-mice had lower lung viral burdens than WT mice, which could be due to Mmp-9 deficiency (a) increasing antiviral (IFN) responses, (b) increasing pulmonary immune responses to IAV, (c) increasing viral clearance after initial infection in epithelial cells, and/or (d) reducing virion release from infected cells and impairing viral propagation.
We initially hypothesized that Mmp-9 -/-mice have greater antiviral cytokine (IFN) responses during IAV infections. Immune cells (including macrophages and dendritic cells [DCs] ) and nonimmune cells produce type I IFNs (Ifn-α and Ifn-β) after sensing viral components via pattern-recognition receptors (36) . Plasmacytoid DCs produce large quantities of Ifn-α, and fibroblasts and epithelial cells mainly produce Ifn-β, and Ifn-γ is secreted by T helper cells, cytotoxic T cells, NK cells, and macrophages (37) . Activation of ubiquitously expressed type I IFN receptors triggers STAT activation and the transcription of IFN-stimulated genes in infected cells and nearby uninfected cells, leading to the secretion of proteins having antiviral effects (36, 37) . Type I IFNs also promote antigen presentation and NK cell functions and stimulate the histograms (B, D, and F) show the Tnf-α + Ifn-γ + double-positive cells in each T cell subset. (G and H) BAL leukocytes were immunostained and for the inhibitory receptor, Klrg1, and markers of CD4 + (G) and CD8 + T cells (H) and analyzed using flow cytometry. Data were analyzed with 1-way ANOVAs followed by 2-sided Student's t tests (A, C, and E) or followed by 2-sided Mann-Whitney U tests (G and H). *P < 0.05 versus the group indicated.
development of high-affinity antigen-specific T and B cell responses (36, 37) . Contrary to our hypothesis, we showed for the first time to our knowledge that Mmp-9 is required for the generation of a robust type I IFN response to IAV (Figure 7) . The reduced type I IFN response in IAV-infected Mmp-9 -/-mice may contribute to their reduced lung injury and better survival compared with WT mice, as excessive type I IFN signaling (38) in patients with autoimmune diseases promotes tissue injury by (a) increasing host cell expression of autoantigens, (b) increasing immunostimulatory antigen-presenting cells thereby reducing immune tolerance and increasing autoreactive T cell generation, and (c) promoting T cell survival.
Ifn-γ is secreted by T helper cells, cytotoxic T cells, NK cells, and macrophages (37). Ifn-γ promotes adaptive immunity by recruiting CD8
+ lymphocytes (39), inducing CD4 + Th1 differentiation (40) , activating NK cells (41) , and orchestrating T cell responses during IAV infection (42) . Infected Mmp-9 -/-mice had higher lung Ifn-γ levels that peaked on day 7 p.i., coinciding with elevated Th1 CD4 + , cytotoxic CD8 + T cells, and Th1-like cytotoxic NK cell counts in their lungs. Thus, Mmp-9 deficiency in mice may lower lung viral burdens by increasing lung Ifn-γ levels, thereby promoting a more effective T cell response to IAV.
The mechanisms by which Mmp-9 deficiency in mice alters the expression of IFNs in the lungs is unclear. During coxsackievirus type B3 infection, MMP-12 secreted by macrophages is internalized by virally infected cells, translocates to the nucleus, binds to the NFKBIA promoter, and drives transcription of IκBα, which promotes export of Ifn-α from the cells (43) . Thus, one intriguing possibility is that Mmp-9 may serve as a transcription (co)factor that increases the expression type I IFNs and/or reduces the expression of IFN-γ. Although MMP-9 has not been reported to have intracellular activities, our future studies will investigate whether MMP-9 serves as a transcription (co)factor during IAV infection in mice.
Host inflammatory response. Viral clearance depends on Th1 humoral and cell-dependent responses. Release of mediators by IAV-infected airway epithelial cells increases leukocyte recruitment into the lung, and CD8 + T cell-and NK cell-mediated killing of infected cells, which is followed by tissue repair after viral clearance (27) . However, IAV interaction with respiratory epithelium can initiate and amplify -/-mice were protected from lung injury following IAV infection. WT and Mmp-9 -/-mice were infected with an LD 20 inoculum of H1N1 by the intranasal route. At postinfection intervals, albumin (A) and hemoglobin (B) levels were measured in BALF samples from H1N1-infected mice (4-11 mice/group) and in uninfected control (UC) mice (4-5 mice/group). *P < 0.05 versus the group indicated or uninfected controls belonging to the same genotype. (C) Tissue elastance was measured in H1N1-infected mice on day 7 p.i. (8 mice per group) and uninfected control mice (8-9 mice per group) using a FlexiVent device. *P < 0.05 versus the group indicated or UC mice belonging to the same genotype. (D) Soluble E-cadherin levels were measured in BALF samples from infected mice (4-11 mice per group) and uninfected control mice (6 mice per group) using an ELISA. *P < 0.05; **P < 0.01 versus the group indicated. All box-and-whisker plots show the medians and 25th and 75th percentiles, and the whiskers show the 10th and 90th percentiles. All data were analyzed with 1-way ANOVA followed by pair-wise testing with Mann-Whitney U tests.
IAV-associated cytokine storm (44) , an excessively exuberant host response that causes severe tissue injury and increases mortality rates. During IAV infection, Mmp-9 -/-mice had lower lung PMN and macrophage counts than WT mice, which may have contributed to their reduced lung injury and better survival, as these cells release proteinases, oxidants, and cytokines (permogens) that injure the alveolar capillary barrier (45) . We report for the first time to our knowledge that IAV-infected Mmp-9 -/-mice had an enhanced pulmonary adaptive immune response to IAV, with higher CD4 + T lymphocytes, Th1 CD4 + lymphocytes, Th1-like CD8 + lymphocytes, and NK cell counts, and lower frequencies of antiinflammatory Tregs. IAV-infected Mmp-9 -/-mice had higher numbers of CD8 + T cells lacking inhibitory (Tim3) receptors, indicating that these cells have increased effector activity.
IAV-infected Mmp-9 -/-mice also had higher frequencies of CD8 + T cells expressing the inhibitory receptor, Klrg1, in their lungs. Klrg1 has an ITAM inhibitory motif and is expressed by antigen-experienced NK and CD4 + and CD8 + T cells (46) . The binding of the main ligand for Klrg1, soluble E-cadherin (sE-cadherin), to this receptor induces lymphocyte dysfunction including reduced cytolytic activity of NK cells (by inhibiting degranulation and IFN-γ release), reduced CD8 + T cell proliferation and differentiation towards long-term memory cells (47) , and increased CD8 + T cell senescence (48). In HIV-infected patients, higher sE-cadherin levels are associated with a higher viral load, defective HIV-specific CD8 + lymphocytes, and disease progression (49) . In our study, the lower sE-cadherin lung levels detected in IAV-infected Mmp-9 -/-mice may have reduced the senescence of Klrg1-expressing Tnf-α + Ifn-γ + and Ifn-γ + CD4 + and CD8 + T cells, instead promoting their efficient proliferation and cytotoxic activity, thereby increasing viral clearance ( Figure 13) . MMP-9 proteolytically activates chemokines in vitro to regulate their biologic activity (50) , and regulates lung inflammatory responses in other models (16, 17) . We found no evidence that Mmp-9 proteolytically degrades mediators in IAV-infected mice, as lung levels of most mediators measured (Cxcl-2, Ccl-2, Ccl-3, Ccl-5, Il-6, G-csf, and Tnf-α) were lower (rather than higher) in IAV-infected Mmp-9 -/-versus WT mice. The lower lung levels of these mediators in Mmp-9 -/-mice may be due to the reduced accumulation of PMNs and macrophages in their lungs, as these cells are key sources of these mediators. The lower lung levels of these mediators in infected Mmp-9 -/-mice may have contributed to their better outcomes, as some of these mediators promote injury to the alveolar capillary barrier (Tnf-α and Ccl-3), and amplify systemic and lung inflammatory responses to infection (Tnf-α and Ccl-3) (34, 51). Cxcl-2 and G-csf promote PMN degranulation and prolong PMN survival, and thus the lower lung levels of Cxcl-2 and G-csf may have reduced lung PMN counts and PMN-mediated lung injury in IAV-infected Mmp-9 -/-versus WT mice. Lung injury. The less severe lung injury detected in IAV-infected Mmp-9 -/-mice could be due to their lower lung PMN and macrophage counts, as these cells release proteinase, oxidants, and permogens that can injure -/-recipients with Mmp-9 -/-BM (n = 5) versus Mmp-9 -/-recipients with WT BM (n = 13). A Gehan-Breslow-Wilcoxon analysis was performed on the groups having the same recipient genotype. P = 0.671 (A) and P = 0.907 (B).
the alveolar capillary barrier (45, 52, 53) . It is noteworthy that lung levels of Tnf-α (a permogen) were lower in infected Mmp-9 -/-mice. IAV-infected Mmp-9 -/-mice also had reduced E-cadherin shedding in their lungs as assessed by lower lung sE-cadherin levels. E-cadherin is a key component of adherens junctions, which contribute to the integrity of the lung epithelial barrier (54) . Shedding of E-cadherin leads to increased epithelial permeability and increased lung injury. A prior study reported that adding active MMP-9 to the apical aspect of HBEC monolayers in vitro resulted in impaired barrier function associated with reduced staining for junctional proteins (including E-cadherin), increased access of virus to the basolateral epithelial surface, and increased infection efficiency (18) . This activity was hypothesized to be due to MMP-9 cleaving junctional proteins leading to epithelial cell injury, but shedding of junctional proteins by MMP-9 was not evaluated (18) . Another study reported that MMP-9 cleaves E-cadherin directly from ovarian carcinoma epithelial cell lines in vitro (19) . Whether Mmp-9 mediates E-cadherin shedding in vivo with functional consequences has not been assessed previously. Our study is the first to our knowledge to report that shedding of E-cadherin is reduced in the lungs of Mmp-9 -/-mice and associated with protection from loss of barrier function in the lung. Mmp-9 may directly cleave E-cadherin from lung epithelial cells during IAV infection, as even uninfected Mmp-9 -/-mice had lower BALF sE-cadherin levels than uninfected WT mice, and antibody-mediated neutralization of MMP-9 secreted by HBECs reduced HBEC injury (loss of TEER) in vitro. However, it is also possible that during IAV infection, Mmp-9 -/-mice have increased expression or secretion of other proteinases known to mediate E-cadherin shedding (23, 55, 56) .
Cleavage of viral proteins. We considered the possibility that MMP-9 could hinder clearance of the virus or virions released from infected cells by cleaving viral proteins. Initially, IAV attaches to sialic acid-containing glycan receptors on the host cell surface the via its HA (57) . Cleavage of HA1 is required for IAV to bind to sialic acid groups and is mediated by trypsin (58) and other host proteinases (59) . IAV is then internalized by endocytosis, and the viral genome is released into the cytoplasm through HA-mediated membrane fusion and virus uncoating. The viral RNA is transported into the nucleus, where new viral components are transcribed to form progeny virions that bud from the apical cell membrane with HA and NA on their surface (60) . NA cleaves sialic acid from glycans on host cells and the emerging virions, thereby releasing progeny viruses from infected cells and preventing virus aggregation by preventing HA-HA interactions. NA cleaves sialic acids from respiratory tract mucins to facilitate IAV entry into airway epithelial cells. We found no evidence that MMP-9 cleaves HA1, and MMP-9 cleaved NA only very weakly when tested at higher concentrations in vitro. Thus, it is unlikely that Mmp-9 deficiency in mice improves outcomes via loss of Mmp-9-mediated cleavage of viral proteins.
Comparison with other studies. MMPs have not been well studied in IAV infection models. Membrane-bound MT1-MMP is the main interstitial collagen-degrading proteinase during IAV infections in mice (61). ) were infected with H1N1 at a multiplicity of infection of 3 for up to 48 hours. MMP-9 levels were measured in culture supernatants using gelatin zymography and band intensities were quantified. *P < 0.05 versus the group indicated or the same experimental condition at 24 hours p.i. (B) HBECs were infected with at a multiplicity of infection of 0.6 in the presence or absence of a neutralizing antibody against MMP-9. Viral titers were measured after 48 hours (n = 3 separate experiments). *P < 0.05. All box-and-whisker plots show the medians and 25th and 75th percentiles, and the whiskers show the 10th and 90th percentiles. All data were analyzed with 1-way ANOVAs followed by pair-wise testing with Mann-Whitney U tests. insight.jci.org https://doi.org/10.1172/jci.insight.99022
Bradley et al. (62) reported that Mmp-9 -/-mice had higher lung viral loads and higher lung PMN counts following infection with the PR8 strain of IAV. Other studies report that PMN depletion is associated with increased morbidity and mortality (63) and delayed T cell response (64) . Herein, we studied a different H1N1 isolate and confirmed that H1N1-infected Mmp-9 -/-mice have reduced BALF PMN counts and lower lung viral burdens. The reason for the differences in our results versus those of Bradley et al. is not clear. However, in contrast to the study of Bradley et al. (62), we conducted detailed time course experiments to quantify PMN counts and viral titers using much higher sample sizes for both readouts, and we used two different methods to quantify lung viral titers.
Limitations. We have not identified the underlying mechanisms by which Mmp-9 deficiency alters pulmonary immune responses and IFN levels in the lungs of IAV-infected mice. B cell subsets were not compared in the lungs of IAV-infected WT and Mmp-9 -/-mice. Activated B cells and plasma cells produce antibodies that promote clearance of IAV, but can contribute to lung inflammation and injury. Regulatory B cells have antiinflammatory activities in other models (65) . Studies of plasma levels and different forms of MMP-9 in larger cohorts of IAV-infected human subjects are needed to assess whether plasma MMP-9 levels can serve as a predictive or prognostic biomarker of severe disease or adverse outcomes in IAV-infected human subjects. It is not clear whether Mmp-9 cleaves mediators in the lungs of IAV-infected mice, as the commercially available ELISAs that we used to quantify lung levels of mediators may or may not detect cleavage products of mediators that are known to be substrates for MMP-9 (e.g., Cxcl-2, Cxcl-6, and Ccl-2; see ref. 66 ). -/-mice may also reduce Klrg1 signaling in these adaptive immune cells, and thereby promote their activation and proliferation, and reduce their senescence. Together, these changes likely enhance the adaptive immune system to IAV leading to faster viral clearance, lower lung viral burdens, and improved survival.
Conclusions.
Our results show that MMP-9 blood and lung levels are increased during IAV infections. Mmp-9 deficiency in mice leads to better outcomes following IAV infection by (a) increasing clearance of IAV from the lung likely by inducing a more effective adaptive immune response to IAV, and (b) reducing lung injury by reducing E-cadherin shedding, and reducing the accumulation of myeloid leukocytes and their deleterious products in the lungs. Current therapies available to treat serious IAV infections target viral proteins (NA1 and M2) and are suboptimal at limiting IAV-induced morbidity and mortality. MMP-9 small-molecule inhibitors have been developed as novel therapeutics to treat other diseases, but have dose-limiting side effects during chronic dosing that restrict their usefulness in treating chronic diseases (33) . However, MMP-9 inhibitors may have a more favorable benefit-risk profile in severe, acute diseases in which dosing would be required for only a relatively short period of time. Our results suggest that MMP-9-selective MMP inhibitors have potential as novel IAV therapeutics targeting the host response to infection. Future clinical trials should be planned to determine whether MMP-9-selective inhibitors have efficacy either when tested alone or in combination with antiviral therapies in limiting IAV-induced morbidity and mortality.
Methods
Materials. See supplemental material for details.
Approvals
Human subjects studies. Studies of human subjects were approved by the Institutional Review Boards at Instituto Nacional de Enfermedades Respiratorias Ismael Cosío Villegas and Brigham and Women's Hospital. Written informed consent was received from participants prior to inclusion in the study.
Animal studies. All studies conducted on mice were approved by the Institutional Animal Care and Use Committees at Brigham and Women's Hospital and the Lovelace Respiratory Research Institute. The authors followed ARRIVE guidelines for reporting on animal studies.
Plasma MMP-9 levels in human subjects. Plasma samples were obtained from patients diagnosed with seasonal IAV and pandemic H1N1. These study subjects have been described in detail (67) . Samples were collected during the first 2 weeks of onset symptoms following seasonal IAV infection, or during the first 30 days after admission of subjects to the intensive care unit following H1N1 infection. Plasma MMP-9 levels were measured in duplicate using an ELISA (R&D Systems).
Mice
Colonies of WT and Mmp-9 -/-mice, both in a pure C57BL/6 background, were housed in a pathogen-free barrier facility under identical conditions (see supplemental material). Mmp-9 -/-mice (backcrossed to the C57BL/6 strain for 10 generations) were generated as described previously (68) . The genotypes of the mice were confirmed using PCR-based protocols performed on genomic DNA extracted from tail biopsies.
Generation of Mmp-9 BM chimeras
Mmp-9 BM-chimeric mice were generated by irradiating 8-to 10-week-old WT and Mmp-9 -/-recipients with 900 cGy using a cesium source and BM isolated from WT or Mmp-9 -/-mice delivered by tail vein injection (69, 70) . BM was allowed to engraft for 10 weeks before mice were infected with H1N1 IAV. Four groups of Mmp-9 -/-BM chimeras were generated by transplanting (a) WT BM into WT recipients (n = 11), (b) WT BM into Mmp-9 -/-recipients (n = 13), (c) Mmp-9 -/-BM into WT recipients (n = 10), and (d) Mmp-9 -/-BM into Mmp-9 -/-recipients (n = 5).
Virus stock
The pandemic IAV strain, influenza A/California/07/2009 H1N1 (H1N1), was obtained from the Centers for Disease Control, propagated in Madin-Darby canine kidney (MDCK) cells, and used to infect mice. Titers of stock were measured using a standard plaque assay on 6-well plates of confluent monolayers of MDCK cells (71) . See supplemental material for details.
IAV infection of mice
Adult age-and sex-matched male and female WT and Mmp-9 -/-mice were randomly assigned to experimental groups by an individual who was not involved in the conduct of the animal studies. Two different inocula of H1N1 were used. An LD 80 inoculum (10,000 PFU), resulting in 80% mortality in WT mice, was used to evaluate survival and body weight loss. An LD 20 inoculum (1,000 PFU) was used to evaluate lung viral titers, and lung inflammation and injury readouts. Isoflurane-anesthetized mice were inoculated by the intranasal route with H1N1 in endotoxin-free PBS or PBS alone (25 μl in each nostril). Survival was monitored twice daily, and body weight was measured daily. Mice exhibiting loss of body weight greater than 20% of baseline or any other significant clinical signs of impending mortality were humanely euthanized.
Murine serum Mmp-9 levels
Blood samples were obtained from WT mice using cardiac puncture. Blood was allowed to clot on ice, centrifuged (at 500 g for 5 minutes), and serum was stored at -80°C. MMP-9 serum levels were quantified using an ELISA (Cusabio).
Lung levels of Mmp-9, mediators of inflammation, and IFNs
Murine lungs were homogenized in 1 ml of PBS containing 0.5% Triton X-100, 1 mM phenyl methyl sulfonyl fluoride, 1 mM 1,10-phenanthroline, and Mammalian Protease Inhibitor Cocktail (Sigma-Aldrich). ELISA kits were used to measure murine Mmp-9, Il-1β, Il-6, Il-10, Ccl-2, Ccl-5, Tnf-α, Tgf-β (R&D Systems), G-csf, Ccl-3, Cxcl-2, Cxcl-1 (PeproTech), Ifn-α, Ifn-γ (Affymetrix/eBioscience), and Ifn-β (PBL Assay Science). Levels of each analyte were normalized to total lung protein level measured using a commercial kit (ThermoFisher Scientific).
Immunofluorescence staining of lung sections for Mmp-9
Formalin-fixed lung sections from mice were double immunostained with Alexa-488-conjugated antibody for Mmp-9 and with Alexa-546-conjugated antibodies for markers of epithelial cells (pancytokeratin; Sigma-Aldrich, C2562), macrophages (Mac-3; BD Biosciences, 550292), PMN (myeloperoxidase; R&D Systems, AF3667), or CD8 + T cells (CD8; Santa Cruz Biotechnologies, SC-18913), or CD4 + T cells (CD4; Santa Cruz Biotechnologies, SC-1140). Images of the immunostained lung sections were captured and analyzed using a confocal microscope (Olympus Corporation) (72) .
Lung viral titers
Lung viral titers were measured using a modified foci determination assay on 96-well plates of confluent MDCK cells using an immunostaining procedure. The number of viral RNA copies was also measured using qRT-PCR (73, 74) on RNA extracted from H1N1-infected lung tissue. See supplemental material for details.
BAL leukocyte counts
BAL was performed on mice using eight 0.5-ml aliquots of PBS (70) . Leukocytes were counted in BAL samples, differential counts were performed on modified Wright's-stained cytocentrifuge preparations, and absolute numbers of macrophages, PMNs, and lymphocytes were calculated.
Lymphocyte subset enumeration in enzymatic lung digests -/-mice were infected with an LD 20 inoculum of H1N1 by the intranasal route and were euthanized on days 3, 7, and 10 p.i. Lung tissue was digested with 1 mg/ml collagenase D (Sigma-Aldrich) at 37°C for 30 minutes. Samples were passed through a 70-μm strainer and the resulting single-cell suspension was washed twice with cold PBS. Cell viability was quantified with trypan blue dye. Surface staining was performed for 20 minutes at 4°C in PBS containing 2% fetal calf serum (FCS). Intracellular staining for Foxp3 was performed using the Foxp3 Staining Buffer Set (eBioscience). Staining of cells with different markers of leukocytes is described in the supplemental material.
BAL lymphocyte subset counts
WT and Mmp-9 -/-mice were infected with an LD 20 inoculum of H1N1 by the intranasal route and euthanized on day 7 p.i. BAL was performed on mice using eight 0.5-ml aliquots of PBS (70) . BAL leukocytes were stimulated ex vivo with Cell Activation Cocktail containing brefeldin A (BioLegend) for 5 hours. Cells were stained for surface antigens for 20 minutes at 4°C in PBS containing 2% FCS, and were fixed using the Fixation/Permeabilization buffer set (BD Biosciences) following the manufacturer's instructions. Briefly, single-cell suspensions were incubated with PBS with 2% FCS and antibodies against surface markers or nonimmune control antibodies on ice for 20 minutes, and then washed. The samples were then incubated with 1× Fixation/ Permeabilization buffer at room temperature for 30 minutes protected from the light, and washed with 1× Permeabilization/Wash buffer. After washing the cells, they were incubated with antibodies for intracellular proteins (that were directly conjugated to fluorophores), or appropriate nonimmune control antibodies. was used to analyze changes in body weight from baseline values for each animal. Kaplan-Meier curves were constructed based on the number of failed or censored events, and the Gehan-Breslow-Wilcoxon test was used to compare survival curves (79) . For the Mmp-9 BM-chimeric mice, the Gehan-Breslow-Wilcoxon test was applied for curves generated for recipient mice having the same genotype. P < 0.05 was considered statistically significant.
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